Abstract: We present a new method to fabricate wedged multilayer Laue lenses, in which the angle of diffracting layers smoothly varies in the lens to achieve optimum diffracting efficiency across the entire pupil of the lens. This was achieved by depositing a multilayer onto a flat substrate placed in the penumbra of a straight-edge mask. The distance between the mask and the substrate was calibrated and the multilayer Laue lens was cut in a position where the varying layer thickness and the varying layer tilt simultaneously satisfy the Fresnel zone plate condition and Bragg's law for all layers in the stack. This method can be used to extend the achievable numerical aperture of multilayer Laue lenses to reach considerably smaller focal spot sizes than achievable with lenses composed of parallel layers.
Introduction
Multilayer Laue lenses (MLLs) are diffractive optical elements that are similar to standard Xray zone plates [1] , but because they are prepared by layer deposition they can achieve higher resolution (thinner layers), higher aspect ratio and higher efficiency than those fabricated by lithography [2] . They have great potential for applications where nanometer focal spot sizes are needed, especially in the hard X-ray regime. A MLL can be obtained by depositing a thickness-graded multilayer composed of two (or more) alternating materials with layer thicknesses that follow the Fresnel zone plate law. The structure is then sliced in a direction approximately perpendicular to the layers and then thinned to a desired optical depth (length along optical axis). Because MLLs are volume diffraction elements their performance is described by dynamical diffraction theory [3] , which predicts that as the layer thickness decreases the entire transmitted beam can be directed into a single diffraction order.
A recent review paper by Yan et al. [4] gives the current status of the development of MLLs. The first transmissive structures that were fabricated by layer deposition were thick gratings and zone plates prepared by depositing a multilayer onto a flat substrate [5] or on a thin cylindrical wire [6] and then slicing it to the desired depth along the optic axis. These were built as analogues of the thin diffractive optics fabricated by lithography for soft X-rays, but with an increased depth to achieve a significant phase difference on transmission through the two different layer materials. Much higher diffraction efficiency could be achieved by tilting the lens relative to the incident beam to ensure that the Bragg condition is satisfied, at least over some region of the lens [2, 7, 8] . When the numerical aperture (NA) of a lens exceeds the Darwin width of the reflection at any part of the lens then the lens will be severely apodized and the effective NA will be limited by the diffraction efficiency. Only by varying the tilt of the layers throughout the stack, so that Bragg's law and the zone plate condition is simultaneously fulfilled for every layer, is it possible to construct large enough NA to focus X-rays to nanometer spots. This so-called wedged MLL (Fig. 1) closely approximates the ideal volume zone plate consisting of confocal parabolic layers for an incident plane wave or confocal ellipsoidal layers for spherical wave illumination [8] . Fig. 1 . Focusing of rays (thick lines) by a wedged multilayer Laue lens. The layer thicknesses follow the zone plate law such that an incident ray reflecting from one layer accumulates an extra path of one wavelength, λ, on arriving at the focus, than the ray reflected from the previous bi-layer. Additionally, Bragg's law is satisfied by ensuring the layers are tilted by the Bragg angle θ B for that layer spacing. In the paraxial approximation, this requires that the layers are normal to a cylindrical surface of radius of curvature 2f, where f is the focal length.
Circular zone plates focus in two dimensions and are hence easier to use for two dimensional focusing as compared to MLLs prepared on a flat substrate, where two orthogonally mounted lenses are required for such a purpose [9] . However, the deposition of MLLs on flat substrates can start with the thinnest layers [10] , which are critical to achieve high resolution. This ensures that those layers are smooth and do not suffer from accumulated errors [11] . Wedged MLLs demand a deposition technique capable of precise control of the layer thickness in the horizontal (lateral) and vertical directions. In magnetron sputtering systems where the substrate sits on a platter that rotates between the sputtering sources, the thickness and the transverse thickness gradient is usually controlled by modulating the angular velocity of the platter. However, for a steep gradient along a relatively short distance, a mask is required. For example, a mask was used to obtain a steep layer thickness gradient in the lateral direction needed to prepare an X-ray reflecting mirror [12] for ultrafast coherent Xray diffraction imaging with a soft X-ray free electron laser [13] . A mask was also placed in front of the sputtering targets in the description of the fabrication of a wedged multilayer by Conley et al [14] .
Here we report on a new method with which we successfully fabricated wedged MLLs, by depositing material with a transverse gradient in the deposition rate to obtain the necessary layer tilt. The deposition gradient was achieved in the penumbra of a mask edge, as shown schematically in Fig. 2 . Fig. 2 . The required 1/(2f) curvature of the multilayer super-surface is achieved by accumulation of the layers with a gradient in the deposition rate across the substrate, achieved in the penumbra of an edge mask. The mask to substrate distance is adjusted to obtain the correct curvature, which results in a penumbra slightly wider than 2f.
Multilayer Laue lens design and fabrication principle
Ideally, the tilt of the layers should follow confocal parabolas for focusing a collimated beam with a focal length of f. This can be well approximated by normals of a sphere (or a cylinder for 1D focusing) of radius 2f, in analogy to a lobster-eye X-ray lens [15] . That is, if all layer surfaces converge to a point on the optic axis a distance 2f from the lens then the Braggreflected rays will be focused with a focal length of f (Fig. 1) . The geometrical aberrations of such a system of reflecting "super-surfaces" arranged on a flat or curved plate have been examined by Chapman and Rode [16] . In our deposition process we build up the required 1/(2f) curvature of the super-surface of the layers by achieving a transverse profile in the deposition rate as a function of the z coordinate (see Fig. 1 ). For a given multilayer thickness h, we require a layer gradient of h/(2f), or a change in gradient of 1/(2f) with the change in thickness. Such a structure would be formed if the deposition rate varied linearly with the coordinate z such that zero deposition occurs a distance 2f from the place at which the lens is sliced. In practice it is not necessary that the deposition rate gradient is exactly linear across the entire 2f length of the substrate, since it is sufficient that the gradient is linear only over the 6.5 μm thickness of the lens. The required deposition gradient can easily be obtained by shadowing the deposition source with a straight edge mask, and adjusting the mask to substrate distance so that the penumbra of the edge is slightly longer than 2f.
The deposition rate and the deposition rate gradient must be matched so that the correct zone plate layer heights h, corresponding to a zone plate of focus f for a wavelength λ, are located a distance 2f from the center of curvature of the layer tilts. At the various lateral positions z along the deposition profile, the layer heights follow the zone-plate condition, scaled by a factor proportional to the overall film thickness. A scaling of a zone-plate by a factor t multiplies the focal length by a factor t 2 for a given wavelength, whereas the supersurface radius of curvature scales by t. Thus, for a given wavelength, the multilayer must be cut at the right z location that matches both the correct curvature and height. A small error in either the gradient or scale would lead to a Laue lens that is optimized for a different wavelength. Careful calibration of the deposition rate and rate gradient can be used to match the layer tilt and layer thicknesses, as described below in Sec. 3. We designed the MLL using the beam propagation method, which is often used in calculations of electromagnetic waves [17] but also for X-ray optics calculations [18, 19] . The method is equivalent to the multislice method [20] and gives results consistent with full dynamical diffraction theory calculations, yet can be applied to structures of arbitrary geometry. The input parameters were the X-ray photon energy for which the lens is optimized, the focal spot size, focal length f, and the distance of the thickest layer of the lens to the optical axis (since we prepared a partial MLL). The output parameters were the minimum and maximum period, the total multilayer thickness (or height of the Laue lens), the number of bilayers and the lateral gradient change. We calculated parameters for an MLL for 17 keV photon energy with 0.61λ/NA = 5 nm focal spot width, 1.2 mm focal length, f, and a 5 µm distance of the thickest layer to the optic axis. This required a structure with 2,750 bilayers of a total height of 17.5 μm, with a minimum and maximum period of 3.9 nm and 17.5 nm, respectively, an optical depth of 6-7 μm, and a lateral gradient change of 0.042%/μm = 1/(2.4 mm). A plot of the calculated efficiency across the lens pupil as a function of the lens depth is shown in Fig. 3 for a multilayer consisting of alternating layers of tungsten (W) and silicon carbide (SiC). We chose this material pair due to its high optical contrast and because multilayer periods as small as 0.65 nm were reported previously [21] enabling fabrication of MLLs with extremely thin layers. The NA of our designed lens at 17 keV (0.07 nm wavelength) is 0.007, and exceeds the effective NA achievable in an MLL with the same layer spacings and materials, but with parallel layers, by over a factor of five (see Fig. 3 ).
Multilayer deposition
Multilayer depositions were performed in our X-ray multilayer laboratory at DESY, using the magnetron sputtering technique. The sputtering system consists of four (7.6 cm diameter) magnetrons facing down and spaced 90° apart. The background pressure in the vacuum chamber prior to deposition was less than 2.6 × 10 −8 Pa in all cases, and the sputter gas (Kr) pressure was maintained at 0.199 ± 0.001 Pa during the film growth. The source powers were 200 W for SiC and 100 W for W, resulting in a sputter rate of 0.32 nm/sec and 0.65 nm/sec, respectively. Multilayers were deposited on polished Si (100) wafer pieces (15 mm × 20 mm). Wafer pieces were mounted on a substrate holder attached to a platter that moved between the targets. A straight mask covering half of the piece was fixed in front of the substrate and spun together with it [ Fig. 4(a) ]. The thickness profile formed due to the penumbra is clearly visible once the mask is removed [ Fig. 4(b) ]. The distance between the mask and the substrate was adjustable. W/SiC form relatively smooth and sharp interfaces. Nevertheless, we observed the formation of an interface alloy with a thickness of about 0.2 nm. A cross section transmission electron microscopy (TEM) image of a 6 nm period multilayer with a W to SiC thickness ratio close to 0.5 shows both materials being amorphous (Fig. 5) . While SiC remains amorphous even for thicker layers, W layers eventually become polycrystalline. This material pair has high thermal stability [21] as was also confirmed in our studies, which is a desired material property when dealing with high intensity X-ray beams. We started the deposition with the thinnest layer and ended with the thickest layer following the Fresnel zone plate formula. The ratio between the W and SiC layer thicknesses was 1:1. The deposition took over 24 hours. The sputter rate did change over this time period due to target consumption. Although we tried to minimize this effect by reducing the power while the sample was not under a particular sputtering target, a change in sputter rate was still observable during such a long deposition run. To compensate for this change, we linearly increased the deposition parameters as a function of time (layer). The total multilayer height in the unshaded region was 19.8 µm. This is larger than the required 17.5 μm MLL height since the MLL is sliced at a point in the penumbra where the rate is lower, as discussed in Sec. 4 .
The high spatial frequency surface roughness of the full-thickness multilayer in the unshaded region (19.8 µm total height) was measured with an atomic force microscope (Veeco Dimension Icon). It showed a roughness of 0.42 nm RMS. For comparison, the initial Si substrate roughness was 0.13 nm RMS. Power spectral density curves of the surface topology of the bare Si substrate and the top surface of the 19.8 µm thick multilayer are shown in Fig. 6 . One can clearly see that in this frequency range the roughness increased for almost all frequencies, especially for frequencies between 10 −2 and 10 −3 nm −1 (0.1 to 1 µm period). These periods are considerably shorter than the depth of the MLL and will mainly contribute to a reduction in diffraction efficiency. 
Multilayer Laue lens structure
As mentioned above, the lateral gradient in deposition rate was achieved in the penumbra of a straight-edge mask. First, we performed a series of depositions for various distances between the mask and the substrate and measured the total thickness profile using a stylus profiler (Bruker DektakXT-A). As an example, two thickness profiles, with a mask-to-sample distance of 1.9 mm (solid line) and 2.4 mm (dashed line), are presented in Fig. 7 . We cut a MLL from the structure deposited with a 1.9-mm mask-to-sample distance. We determined that the position indicated in Fig. 7 gave a zone plate scaling for 17 keV photon energy that matched its focal length to twice the radius of curvature. We cut our multilayer structure from the deposited film using a dual beam focused ion beam/scanning electron microscope system (FEI Helios 600 NanoLab microscope, equipped with a gas injector system and an Omniprobe micro-manipulator), following the standard TEM lamella preparation technique [22] . A block of 50 μm × 40 μm × 10 μm was lifted from the multilayer substrate using the Omniprobe micro-manipulator and affixed on a Si substrate for milling. The prepared Laue lens is shown in Fig. 8 with final dimensions: 40 μm wide, 16.5 μm high and 7 μm deep. Fig. 8 . Scanning electron micrograph of the fabricated wedged multilayer Laue lens, still attached to the Si wafer, as seen from the front. The dark thick layer on the top is carbon deposited during the slicing to protect the multilayer structure. The light grey region is the multilayer structure, and the dark region below that is the Si substrate.
Conclusion and outlook
We demonstrated a new method to prepare wedged MLLs that simultaneously fulfill the Fresnel zone plate condition and Bragg's law for all layers in the stack. This method is very simple and reproducible. This offers for the first time to realize high-NA lenses of this kind in the hard X-ray regime. Our wedged MLL was tested with high energy X-rays at PETRA III synchrotron source (Hamburg, Germany) and showed close to expected performance [23] .
The one-dimensional lens that we fabricated was designed for 0.007 NA at 17 keV photon energy (0.07 nm wavelength), giving a design resolution of 0.61λ/NA = 6 nm. The lens pupil does not include the optic axis but is designed for an off-axis region, simply to avoid having to deposit layers of large period, which can be problematic. The bi-layer period varied from 3.9 nm to 17.5 nm in our lens. If, for example, we maintain a largest period of 17.5 nm and increase the lens NA (for the same wavelength and focal length) by depositing additional thinner layers then it should be possible to obtain an NA of 0.033 with a smallest period of 1 nm. Such a lens would consist of 41,000 bi-layers and would be 4.5 times thicker than our current lens, taking about 5 days to deposit, and would give a design resolution of about 1.3 nm. Two-dimensional focusing can be achieved with crossed lenses [9] . These must be fabricated so that they can be displaced from each other along the beam and yet share a common focal position. That is, the difference in their focal lengths must equal their separation. It is possible, although perhaps not necessary, to cut these two lenses from a single deposited structure. This requires controlling the deposition rate and the deposition rate gradient at the two places where the lenses are cut. Due to the scaling mentioned above, a focal length t⋅ f is achieved for a given wavelength by scaling the layer thicknesses (i.e. the deposition rate) by t 1/2 . At the same time the radius of curvature of the super-surface must scale by a factor t, equivalent to scaling the deposition rate gradient by 1/t. These conditions are achieved with a deposition rate that varies across the substrate as z 1/2 , which is not surprising given that ideal Laue lenses can be constructed from confocal parabolas [8] . Such a deposition profile could be attained in the mask penumbra to good approximation for small focal separations, as is seen in Fig. 7 . Finally, we note that this method can also be applied to the deposition of circular MLLs onto a cylindrical fibre.
